Phosphorite, or phosphate rock, is the raw material of phosphoric acid production. It has also been regarded as the most important secondary rare earth element (REE) resource due to low contents of rare earth elements contained in the ore. In Florida, there is about 19 Mt of phosphate rock mined annually. After beneficiation, the phosphate rock concentrate is utilized to produce phosphoric acid via a wet-process in which sulfuric acid is used to digest phosphate. During these processes, REEs and some phosphorus get lost in the byproducts including phosphatic clay, flotation tailings, phosphogypsum (PG), and phosphoric sludge. Recovering REEs and phosphorus from these wastes is beneficial to maximize the utilization of these valuable resources. This study focused on the effects of wet-process operating conditions on REE and phosphorus leaching from a kind of flotation tailing of Florida phosphate rock. The tailings were first beneficiated with a shaking table, and then a series of leaching tests were conducted on the shaking table concentrate. The results indicated that REEs had similar trends of leaching efficiency to those of phosphorus. Under the conditions of 16% phosphoric acid concentration in the initial pulp, a temperature of 75 • C, a stoichiometric ratio of sulfuric acid (H 2 SO 4 ) to calcium oxide (CaO) of 1.1, and a weight ratio of liquid to solid of 3.5, REE and phosphorus leaching efficiencies reached relatively high values of approximately 61% and 91%, respectively. Analyses indicated that the phosphate ions (PO 4 3− ) in the leaching solution tended to combine with REE ions to form REE phosphates which precipitated into PG, but the other large amount of anions such as sulfate ions (SO 4 2− ) and fluoride ions (F − ) took effect of steric hindrance to prevent PO 4 3− from combining with REE cations. These two opposite effects determined the REE distribution between the leaching solution and PG.
Introduction
Phosphorite, or phosphate rock, is a kind of igneous or sedimentary rock in which a high amount of phosphate presents as fluorapatite (Ca 5 (PO 4 ) 3 F), or as hydroxystalline (Ca 5 (PO 4 ) 3 OH). In the current practice of the phosphate industry, phosphorite is usually upgraded from natural phosphate ore, and then the phosphate concentrate is input to an industrial process, named a wet-process, reacting with mineral acid to produce phosphoric acid and mainly further converted into phosphate fertilizers [1] . Taking fluorapatite reacting with sulfuric acid (H 2 SO 4 ) as an example, the decomposition process can be written as follows [2] : Ca 5 (PO 4 ) 3 F + 5H 2 SO 4 + 5nH 2 O = 5CaSO 4 ·nH 2 O↓+ 3H 3 PO 4 + HF exothermic (1) Under different reaction temperatures, the n in Equation (1) has a different value. Accordingly, the process is named as dihydrate (n = 2) (72-83 • C), hemihydrate (n = 1/2) (90-110 • C), or anhydrate (n = 0) [1] .
It is well known that there are also some rare earth elements (REEs) which coexist in phosphate rock. Most of them are present in the form of isomorphous substitutions for Ca 2+ as REE-francolite, and a small amount of REEs is hosted in monazite ((Ce,La,Nd,Th)PO 4 ), xenotime (YPO 4 ), etc. [3, 4] . In the wet-process, these REEs are also leached out with the decomposition of phosphate minerals and enter into the leaching product of phosphoric acid and residue of phosphogypsum (PG). Similar to phosphate rock, monazite and xenotime react with sulfuric acid and can be expressed as:
2(Ce,La,Nd,Th)PO 4 
Due to their low contents (usually lower than 1%), these REEs are not economically recovered currently. However, in recent years phosphorite has been increasingly considered as one of the most promising potential secondary resources of REEs, and recovering REEs from the wet-process of phosphoric acid production has attracted more and more attention, mainly due to the following reasons:
(1) There is a large amount of REEs in the approximately 250 million tons of phosphate rock mined per year for phosphate fertilizer production in the world [5] .
(2) The cost of mining and leaching of rare-earth containing minerals is covered by the phosphate fertilizer production [6] .
(3) Recovering or removing REEs as well as other hazardous components from the wet-process is beneficial to meeting the increasing demand for these elements and reducing their impact on the environment [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
It was estimated that about 50,000,000 tons of rare earths are stored in phosphate resources worldwide, nearly 100,000 tons of which are mined annually in the production of phosphate rock [20] . Moreover, the evaluation indicated that in the U.S. the concentration and quantities of heavy REEs hosted in phosphorites are higher than those in all known primary resources, and the easy-to-extract REEs existing in phosphate rocks can meet the global demand [21] .
In the central areas of Florida, there is a large quantity of marine sedimentary phosphate deposits. Nowadays, about 19 Mt of phosphate rock is mined annually in these regions to produce fertilizer [5] . The unearthed phosphate ore is first washed to remove fine clay minerals, and then the deslimed fraction is sized to produce a flotation feed. After that, the flotation feed goes through a "Crago" double flotation process (a direct flotation with fatty acid to concentrate phosphates, and then an inverse flotation with amine to remove silica from the rougher phosphate concentrate) to separate phosphate rock from sand tailings. Finally, the phosphate concentrate is used in a dihydrate process to produce phosphoric acid [22] .
Several studies demonstrated that there are many kinds of REEs in Florida phosphate rocks. Although their contents are low in the phosphate matrix, the total REE amount in the reserves is rather considerable [2, 15, 23, 24] . An investigation by Kremer and Chokshi [25] indicated that the total content of REEs in the phosphate matrix was analyzed to be 282 ppm (part per million). During ore beneficiation, 40% of the REEs get into the waste clay (phosphatic clay or slimes), 10% into sand tailings, and the remaining 50% into phosphate concentrate. In the wet-process, 37.5% of the total REEs end up in PG, and 12.5% enters into phosphoric acid and fertilizer.
The Florida Industrial and Phosphate Research Institute, as a member of the Critical Materials Institute, is conducting a systematic study on recovering REEs from phosphate rock mining and processing streams: phosphatic clay, flotation tailings, phosphoric acid, PG, and phosphoric sludge. This paper focused on the leaching of REEs and phosphorus from flotation tailings of Florida phosphate rock.
Materials and Methods

Flotation Tailings Sample and Chemical Reagents
Approximately 1000 kg of representative flotation tailings were provided by Mosaic Company, the largest manufacturer of phosphate fertilizer in Florida. The flotation tailings were first completely mixed, and then they were divided repeatedly by the mixing-coning-quartering method to get an aliquot portion of approximately 1.2 kg. The portion was ground using a ball mill to ensure all the particle sizes were below 200 mesh. Finally, three duplicate analysis samples were taken from the ground tailings. Analyses showed that the total REE and phosphorus contents in the tailings were 162.80 ppm and 2.92% (P 2 O 5 ), respectively.
In order to reduce the amount of gangue in the tailings, the sample was beneficiated first using a shaking table in our laboratory, and a concentrate was obtained. After being mixed thoroughly, the shaking table concentrate was divided into aliquot portions of 400 g each for the leaching experiment. Results of the shaking table separation are presented in Table 1 . Mineralogical examination of the shaking table concentrate indicated that the main phosphorus-bearing mineral was francolite, which was white to tan and dark gray and contained nearly 95% of the phosphorus in the sample. Quartz was the principle gangue mineral, and small quantities of calcite, dolomite, albite, and potassium feldspar were also found. Monazite and xenotime existed in the sample in a minute amount. Contents of the main chemical components and REEs in the concentrate are shown in Table 2 , and particle-size distribution is presented in Table 3 . REE stock solutions for analysis were purchased from Fisher (REE concentration in each solution 1000 ppm, Hampton, NH, USA). Deionized water was used to prepare the leaching solution and wash residue. All reagents used in the leaching test were reagent grade.
Leaching Studies
The dihydrate process of phosphoric acid production was simulated in a 2.5 L water-bath batch reactor, and the effects of four main factors on REE and phosphorus leaching efficiencies were investigated, including phosphoric acid addition in the initial leaching pulp, leaching temperature, stoichiometric ratio of H 2 SO 4 to calcium oxide (CaO), and the weight ratio of liquid to solid. In each leaching test, 400 g of the shaking table concentrate was used, and the solution was sampled every 15 min to monitor the leaching development through chemical analysis. After leaching, the pulp was filtered and the residue was washed three times. An Inductively Coupled Plasma Mass Spectrometry (ICP-MS, PerkinElmer, Waltham, MA, USA) was used to analyze the REEs, CaO, magnesium oxide (MgO), iron oxide (Fe 2 O 3 ), and aluminum oxide (Al 2 O 3 ) in both solution and residue; P 2 O 5 was determined using aspectrophotometer. For any leaching test, if the relative deviations of the mass balances for total REEs and P 2 O 5 were more than 3.0% and 2.0% respectively, the test had to be re-conducted.
Results
Effect of Leaching Time
First, three leaching experiments were conducted under different conditions (among the ranges to test) to determine the proper leaching time for each test. It was found that after leaching for 165 min the concentrations of the main REEs, Y (Yttrium), La (Lanthanum), Ce (Cerium), and Nd (Neodymium), as well as REEs (total REEs) and P 2 O 5 in the pulp has all almost reached their maximums; after leaching for 180 min, all concentrations of these species leveled off. Thus, the leaching time for subsequent tests was set at 180 min.
Effect of Initial Phosphoric Acid Concentration in Pulp
Phosphoric acid can attack phosphate rock to produce soluble monocalcium phosphate, resulting in the calcium and phosphorus being released from ore into solution. Studies [14, 18] showed that adding phosphoric acid to pulp is beneficial for both P 2 O 5 and REE leaching. Therefore, in this study, phosphoric acid was used as an auxiliary lixiviant, and a series of tests were carried out under the condition of a P 2 O 5 concentration ranging from 0 to 20% in the initial pulps. The results in Figure 1 show that the leaching efficiencies for REEs and phosphorus increased first from approximately 26 to 62% and from 81 to 91%, respectively, with the initial phosphoric acid content ranging from 0 to 16%, and accordingly the REE concentration rose from about 65 to 161 ppm in the leachate. After this, all the leaching efficiencies dropped, which can be attributed to the impedance of the high phosphoric acid concentration in the solution to the sulfuric acid attacking on phosphorite. Thus, the phosphoric acid addition was set at a P 2 O 5 content of 16% in the initial pulp in the following leaching experiments. 
Effect of Temperature
Increasing the temperature can accelerate chemical reactions in the leaching system, but to get high leaching efficiencies, the fluorapatite digestion rate should match well with the gypsum precipitation rate. With the leaching taking place, more and more Ca 2+ ions were released from phosphate minerals. When the ion product of Ca 2+ and SO4 2− exceeded the solubility product of gypsum, they start to build up gypsum crystals. In the case of too high a temperature, the crystallization speed inevitably reached a high level, which led to more REE and HPO4 2− ions wrapped into the gypsum crystal lattice, resulting in low leaching efficiencies of REEs and P2O5. Moreover, if the mineral decomposition rate is higher than the crystallization rate, Ca 2+ will gradually accumulate in the solution to a high concentration, which will impede the migration of newly released Ca 2+ from phosphate minerals and cause a serious problem that Ca 2+ and SO4 2− form a gypsum crystal coating on phosphate mineral particle surfaces to prevent the mineral from being further attacked by sulfuric acid. Conversely, a low temperature is not conducive to sulfuric acid attacking the refractory phosphate minerals, also leading to low leaching efficiencies.
The effect of temperature on REE and phosphorus leaching efficiencies was tested within the range of 65-85 °C. It can be seen in Figure 2 , that the REE leaching efficiency shows a similar trend as that of P2O5, and as the temperature increased, their leaching efficiencies initially rose to high values of approximately 62% and 91%, respectively, at 75 °C, and then dropped. As a result, the leaching temperature was set at 75 °C in the following tests. 
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Figure 2.
Effect of temperature on rare earth leaching efficiency (L.E.) (16% P2O5 in initial leaching pulp; stoichiometric ratio of H2SO4 to CaO = 1.2; ratio of liquid to solid = 3.5).
Effect of H2SO4/CaO Ratio
As is shown in Equations (1)- (3), H2SO4 plays an essential role in fluorapatite and REE mineral decompositions. Therefore, it is necessary to add enough H2SO4 to the system to make sure that the phosphate is digested as much as possible. However, increasing the stoichiometric ratio of H2SO4 to CaO enhances the sulfuric acid concentration in the system, which will speed up mineral digestion and thus influence calcium sulfate crystallization, just as temperature does. With better crystallization, there is less eutectic crystallization and a smaller loss of REEs and phosphorus in the calcium sulfate crystal lattice [1] .
The testing results in Figure 3 show that at a ratio of H2SO4 to CaO of 1.1, both REE and phosphorus leaching efficiencies reached high levels, very close to the maximums of approximately 62% and 91% at the ratio of 1.2, respectively. In order to avoid wasting of sulfuric acid, in the following experiments, the stoichiometric ratio of H2SO4 to CaO was set at 1.1 instead of 1.2.
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Effect of H2SO4/CaO Ratio
Effect of Weight Ratio of Liquid to Solid
Increasing the ratio of liquid to solid will lead to two competing effects on the leaching efficiency. On one hand, it can dilute the solution thereby accelerating the diffusion of leached products. This avoids the formation of a gypsum crystal coating on the surface of phosphate mineral to prevent further digestion, which is helpful for increasing leaching efficiency. On the other hand, increasing the ratio of liquid to solid will lower the sulfuric acid concentration in solution, which can reduce the ability of the acid to dissolve the phosphate minerals.
The influence of the liquid to solid weight ratio on REE and phosphorus leaching efficiencies was tested within the range of 2.5-4.5. The results in Figure 4 show that the REE and phosphorus leaching efficiencies increased initially as the ratio rose until they reached maximums of approximately 61% and 91%, respectively, at a ratio of liquid to solid of 3.5, before both following the opposite trend. 
Discussion
Our tests indicated that the REEs and phosphorus in the flotation tailings of Florida phosphate rock could be highly efficiently concentrated using a shaking table, with their enrichment ratio reaching 5.4 (REEs) and 3.9 (P2O5). Under certain conditions of the dihydrate wet-process, the REEs and phosphorus in the shaking table concentrate were leached out with high leaching efficiencies of approximately 61% and 90%, respectively. During leaching, the REEs showed similar leaching efficiency to each other, especially for the four high-content elements, lanthanum (La), cerium (Ce), neodymium (Nd), and yttrium (Y), and their leaching efficiencies presented similar trends to those of phosphorus.
The REE state of existence in the leaching solution is complicated. Analyses by Liang et al. [18] demonstrated that in wet-process phosphoric acid production, the amount of REEs leached out from the original phosphate minerals were actually much higher than that detected in the leaching solution, but some of them got into the PG crystal lattice as substitutes for Ca 2+ and some combined with PO4 3− or F − to form LnPO4 or LnF3 (Ln donates any REE) and finally precipitated into the leaching residue. In the leaching solution, the main anions include SO4 2− , F − and PO4 3− ; PO4 3− is one of the most important determining anions for REE existence in leaching solution, because LnPO4 has a poor solubility and its solubility product 
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The REE state of existence in the leaching solution is complicated. Analyses by Liang et al. [18] demonstrated that in wet-process phosphoric acid production, the amount of REEs leached out from the original phosphate minerals were actually much higher than that detected in the leaching solution, but some of them got into the PG crystal lattice as substitutes for Ca 2+ and some combined with PO 4 3− or F − to form LnPO 4 (4)- (6) are relatively small, almost all of the H 3 O + in the leaching solution came from the redundant of sulfuric acid. Analysis results showed that some MgO, Fe 2 O 3 , and Al 2 O 3 (respectively representing actual Mg-bearing minerals, Fe-bearing minerals, and Al-bearing minerals) reacted during the leaching test and they consumed 0.056 mol of sulfuric acid in total. Although the consumption of sulfuric acid in phosphate rock digestion can be calculated based on Equation (1) and the phosphorus leaching efficiency, it is hard to accurately determine the total amount of sulfuric acid that reacted with calcium-bearing minerals during leaching, because there was about 0.094 mol CaO (accounting for 7.07% of the total) which did not exist in fluorapatite (calculated on the basis of stoichiometric ratio of CaO to P 2 O 5 in fluorapatite, and the analyzed results in Table 1 ). Assuming that all the Ca-bearing minerals were digested, there would be 0.201 mol sulfuric acid remaining in the solution. If only the CaO in phosphorite was leached out with phosphorus, the sulfuric acid left would be 0.295 mol. Based on Equation (1), it can be calculated that the solution weight was reduced from an initial 1400 g to about 1330 g after leaching (a phosphorus leaching efficiency of 90%). Therefore, the H 3 Table 4 with the analysis results of REE concentration in our leaching solution. Comparing the calculated values of REEs with the analyzed results in Table 4 , it can be seen that the concentration for most REEs in the leaching solution is much higher than that in a LnPO 4 -H 3 PO 4 aqueous solution except for the elements of Sm, Tb, Ho, Tm, and Lu due to their very low contents in both the shaking table concentrate and the leaching solution. For those high content elements Y, La, Ce, and Nd, their concentration in leaching solution is up to more than 40, 67, 402, and 297 times higher, respectively, than that in a LnPO 4 -H 3 PO 4 aqueous solution. These discrepancies can be attributed to the large amount of anions in the leaching solution such as SO 4 2− , F − , etc. that could present a strong steric hindrance to prevent PO 4 3− from contacting and combining with REE ions. As a result, a greater proportion of REE ions remained in the leaching solution. However, the concentration of REEs in the solution was only 155.6 ppm. As an inevitable by-product in wet-process phosphoric acid production, in recent years the recovery of REEs in the phosphate rock leaching solution has attracted more and more attention. On the other hand, the P 2 O 5 concentration in our leaching solution was about 18%, much lower than the common concentration in the leaching solution of current wet-process phosphoric acid production (~30%). However, it is still possible to recover this part of phosphoric acid in an economically viable way. As we know, in wet-process phosphoric acid production practice, the leaching residue is usually washed three times to recover the phosphoric acid left in it, and the washing liquid containing 16 to 18% P 2 O 5 is recycled to the leading end of the leaching tank [1] . Since the P 2 O 5 concentration in the washing liquid is similar to that in our initial leaching pulp (16% P 2 O 5 ), it can be predicted that the washing liquid with enough sulfuric acid addition can be used to leach the shaking table concentrate, and the P 2 O 5 and REE leaching efficiencies could reach up to 90% and 61%, respectively, under certain conditions. After leaching, the solution can be returned to the industrial system. Thus, this research provides a promising pathway to recover both phosphorous and REEs from the flotation tailings by shaking table beneficiation and leaching.
In addition, the content of uranium (U) and thorium (Th) was analyzed and found to be 75.78 and 0.00 ppm by ICP-MS in the shaking table concentrate. After leaching, more than 80% of the U got into the leaching residue. No radioactivity was detected in this research, probably due to the very low contents of U and Th.
Conclusions
Laboratory tests showed that the REEs and phosphorus in the flotation tailings of Florida phosphate rock could be highly efficiently concentrated by shaking table separation, and REE and phosphorus leaching from the shaking table concentrate was affected significantly by four major factors including phosphoric acid concentration in the initial pulp, leaching temperature, sulfuric acid addition, and weight ratio of liquid to solid. The ranges of leaching parameters tested were as follows: Phosphoric acid concentration in the initial leaching pulp was 0-20%, temperature 65-85 • C, stoichiometric ratio of H 2 SO 4 to CaO of 0.9-1.3, and weight ratio of liquid to solid of 2.5-4.5. High REE and phosphorus leaching efficiencies of~61% and 90% respectively were achieved at an initial phosphoric acid concentration of 16%, temperature 75 • C, H 2 SO 4 /CaO 1.1, and weight ratio of liquid to solid of 3.5. In all the leaching tests, REE leaching efficiency showed similar trends to those of phosphorus.
Analyses indicated that PO 4 3− in the leaching solution tended to combine with REE ions to form REE phosphates which would precipitate into the leaching residue. However, the large amount of anions in the system such as SO 4 2− , F − , etc. took advantage of steric hindrance to prevent PO 4 3− from contacting with REE ion. These two opposite effects determined the REE distribution between the leaching solution and residue (PG). 
